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Foveal cone spacing was measured in vivo using an objective technique: ocular speckle 
interferometry. Cone packing density was computed from cone spacing data. Foveal cone 
photopigment density difference was measured in the same subjects using retina| densitometry with 
a scanning laser ophthalmoscope. Both the cone packing density and cone photopigment density 
difference decreased sharply with increasing retinal eccentricity. From the comparison of both sets 
of measurements, the computed amounts of photopigment per cone increased slightly with 
increasing retinal eccentricity. Consistent with previous results, decreases in cone outer segment 
length are over-compensated by an increase in the outer segment area, at least in retinal 
eccentricities up to 1 deg. © 1997 Elsevier Science Ltd. 
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INTRODUCTION 
Previous comparisons of the topography of foveal cones 
with the photopigments contained within their outer 
segments have been made using histological data of cone 
distributions (~sterberg, 1935; Curcio et al., 1990). 
Objective, in vivo measurements of foveal photopigment 
distribution have been made using retinal densitometry, a 
technique in which the intensity of light returning from 
the fundus is compared prior to and following exposure to 
bright light. The photopigment density difference is 
presumably due to isomeri~ation of photopigment 
(Kilbride & Keehan, 1990; Eisner et al., 1992, 1993). 
The cone photopigment density difference at a given 
retinal location depends on the following factors: 
percentage of retina covered by cones, cone outer 
segment length, photopigment concentration per unit 
optical path length, cone directionality, and photopig- 
ment extinction spectra (see Methods). While the 
distribution of photopigment density difference across 
the fovea is correlated with histological measurements of 
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cone topography, an in vivo comparison for the same 
subjects has never been reported previously. From such a 
comparison, parameters that are difficult to measure with 
ex vivo techniques can be estimated, for example, relative 
amount of photopigment per cone. Curcio et al. (1990) 
have reported large individual differences in the cone 
packing density, especially at eccentricities up to 1 deg 
for the histological data, in a group of eight specimens. 
Eisner et al. (1992, 1993) also found important inter- 
subject differences in cone photopigment density 
measured using retinal densitometry as well as color 
matching, in a group of seven male subjects. Thus, it is 
important o have data from the same subjects for both 
types of measurements. 
With the development of high-resolution imaging 
techniques for determining in vivo the foveal cone 
distribution (Artal & Navarro, 1989; Marcos et al., 
1996; Miller et al., 1996), it is now possible to perform 
that comparison of both cone packing density and cone 
photopigment density difference in the same subjects. 
Ocular speckle interferometry provides information 
concerning cone packing density (important for spatial 
resolution) but not cone length or photopigment, whereas 
retinal densitometry provides information concerning 
cone photopigment distribution (important for quantal 
catch), regardless of the number or distribution of the 
cones. In this paper we compared objective data for cone 
packing density from some of the subjects in Marcos et 
al. (1996) and new measttrements of cone photopigment 
density difference, computed the relative amount of 
photopigment per cone, and estimated the relative cone 
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measurements were made in the same three subjects in 
Tfibingen, Germany, about 8 months later. 
Apparatus and procedure 
Ocular speckle interferometry. A recently developed 
technique, based on speckle interferometry, was used to 
measure the foveal cone packing density as a function of 
retinal eccentricities up to 1 deg. As described previously 
by Marcos et al. (1996), the method consists of digitizing 
a series of speckle images of foveal cones patches, then 
computing the average power spectrum to provide a 
FIGURE 1. (A) Short-exposure image of a patch of cones at 0 deg 
eccentricity for subject RN, showing a speckle pattern. (B) Logarithm 
of the average power spectra from a series of speckle images uch as in 
(A). It shows an elliptical ring whose mean radius represents he 
characteristic spatial frequency of the cone mosaic for the retinal 
eccentricity sampled in (A). 
outer segment lengths, all as a function of eccentricity for 
up to 1 deg of the fovea. 
METHODS 
Subjects" 
The three normal subjects (SM, MR, and RN), one 
female and two males of ages 24, 34, and 38 yr, 
respectively, had normal color vision (as determined by 
the Ishihara color vision test) and 20/20 or better visual 
acuity (as determined by grating visual acuity). The 
ocular speckle interferometry measurements were made 
in Madrid, Spain. The photopigment density difference 
FIGURE 2. (A) Dark-adapted image at 514 nm of the fundus of MR. 
(B) Image of the fundus of MR following 5 rain of exposure to a level 
of 514 nm right sufficient o isomerize photopigment. (C) Photopig- 
mcnt density difference map computed from (A) and (B). 
FOVEAL CONE SPACING AND CONE PHOTOPIGMENT DENSITY DIFFERENCE 1911 
measurement of the mean cone spacing at each location 
tested. 
The speckle images [Fig. I(A)] were obtained by 
imaging 5-arc min foveal patches with 543 nm coherent 
illumination delivered as 5-msec flashes onto a high 
resolution cooled CCD camera. Both long-wavelength 
sensitive and middle-wavelength sensitive cones were 
sampled by this method. The subjects were optically 
corrected, and only dilated for the foveal center 
measurements. 
The average power spectrum [Fig. I(B)] from each 
series of short-exposure images exhibits a ring that has 
been called "Yellott's ring" (Yellott, 1982). The mean 
radius of the ring represents the characteristic spatial 
frequency (or inverse of the mean row-to-row cone 
spacing, 1/s) at a given retinal location. Typically, the 
average power spectra exhibited an elliptical ring, 
although for some observers and 1 deg eccentricity, a
hexagon was found. Both cases are consistent with 
hexagonal packing (Marcos & Navarro, 1996). Changes 
in the orientation of the principal axes of the hexagonal 
cone array under test give rise to a ring. The fact that the 
ring is elliptical indicates a closer packing in a specific 
orientation. Assuming locally regular, hexagonal pack- 
ing, the cone packing density (D) was computed as 
follows: 
v31 
D-  2 s ~ (1) 
Retinal densitometry. A reflectometric technique, 
retinal densitometry, was used to measure the foveal 
cone photopigment density difference (DD) as a function 
of retinal eccentricity, in a manner similar to that 
described previously (Eisner et al., 1990, 1992, 1993; 
Tornow et al., 1997). The method consists of a difference 
measurement, comparing the amount of photopigment 
when it is at maximum concentration, asopposed to when 
it is at the lowest steady state concentration readily 
obtainable. The maximum possible photopigment is 
assumed to be obtained following dark adaptation, while 
the minimum is obtained uring exposure to steady-state 
light of sufficient brightness and duration to isomerize the 
majority of cone photopigment in the fovea (Burns & 
Elsner, 1985). To obtain the measurements, a series of 
fundus images was digitized at a constant level of 
illumination to compare light intensity returning from the 
eye immediately after a period of dark adaptation, as 
opposed to following extended exposure to the light. 
The main assumption is that the increase in image 
intensity following the bleach is due to a decrease in 
photopigment density in the outer segments of cones. 
That is, there is a decrease in the proportion of light 
absorbed (F (2)) per unit area, described as 
F(A) = 1 - exp[-c~(A)cl] (2) 
where ct(2) depends on the individual's extinction spectra 
for each cone type, c is the chromophore concentration f
the photopigments per unit length, and l is the path length 
of the light through the photopigment. The photoreceptor 
layer is treated as a neutral density filter, and the density 
difference between two different states (bleached and 
dark adapted) is then measured assuming only c changes, 
and ignoring the three-dimensional changes within the 
photoreceptor uter segment layer and additional light- 
tissue interactions. The distribution across the retina of 
the photopigment density difference is computed from 
the intensity of the dark adapted (Ida) and fully bleached 
(Ib0 images. The distribution of cone photopigment 
density difference is given by the following equation: 
DD ~- 1og(lbl) -- log(Ida) (3) 
Fundus images were collected with a commercial 
Scanning Laser Ophthalmoscope (Rodenstock, 101 
Ottobrunn-Riemerling, Germany) equipped with an Ar 
laser (488 nm and 514 nm), a HeNe laser (633 nm), and 
an infrared (IR) laser (780 nm). The instrument was 
modified specifically by one of the authors (R-P T) to 
permit quantitative r flectance measurements (Tornow et 
al., 1997). The main modifications include the use of (a) 
an improved etector amplifier that is linear in contrast to 
the original amplifier; (b) fast shutters for rapid switching 
between the infrared and the visible laser; (c) laser power 
sampling during each measurement to compensate the 
digitized images for varying laser intensity; and (d) a 
powerful computer board to digitize images (CFG, 
Imaging Technologies, Bedford, MA). A trigger unit 
allows the switching from the IR laser (for the alignment 
of the subject) to the visible laser (for image acquisition 
and bleaching) within the blanking period between two 
frames and the digitization and storage of the first images 
of the visible laser. Rapid switching and digitization are 
essential to avoid bleaching when taking the dark- 
adapted image with the bright, visible wavelength light. 
Following an explanation of the procedure, the 
subjects were optically corrected using the refraction 
optics of the SLO, and their pupils were dilated. They 
were aligned to the instrument with 514 nm light to 
maximize image quality, and head position was stabilized 
by the use of a bite bar and temple supports. Then they 
were dark-adapted for 30 min. Following dark adapta- 
tion, the subject was re-aligned to the previous location 
under dim 780 nm illumination, which did not alter 
photopigment. 
Fundus images were obtained by imaging a 
33 deg x 23 deg field of the ocular fundus, centered at 
the fovea, with 70#W, 514nm illumination. This 
wavelength is absorbed by both long- and medium- 
wavelength sensitive cone photopigments. Each image 
was digitized at 8 bits at a 768 x 512 pixel resolution. 
Images were digitized immediately following exposure 
to the 514 nm light [dark-adapted image, Fig. 2(A)]. The 
image corresponding tothe fully bleached state [brighter 
image, Fig. 2(B)] was taken after 5 min of exposure. 
Series of two consecutive frames were averaged in 
order to improve the signal-to-noise ratio. All the images 
used to calculate the distribution of photopigment density 
difference were aligned before the calculation using 
specially written software to compensate for small eye 
movements during the measurement (Tornow, 1996). 
The alignment for translation and rotation of the dark- 
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FIGURE 3. Characteristic spatial frequency of the cone mosaic as a 
function of retinal eccentricity for three subjects, implying marked 
decrease in cone packing density with increasing retinal eccentricity. 
adapted image with respect to the bleached one was 
performed by selecting specific landmarks present in all 
four images and performing a cross-correlation for 
translation and rotation (affine transformation) to bring 
the images into the same position. 
Radial profiles as a function of retinal eccentricities up 
to 1 deg were calculated to permit quantitative compar- 
ison between the cone packing density and the photo- 
pigment density difference measurements. Prior to the 
computation of the radial profiles, the data were 
smoothed using a 3 × 3 kernel. Then the smoothed ata 
were averaged in rings around the highest value for 
density difference. 
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FIGURE 5. Comparison of cone photopigment density difference in 
logarithmic units (solid line. left abscissa) and cone packing density 
(circles, right abscissa), as a function of retinal eccentricity tot two 
subjects. 
RESULTS AND DISCUSSION 
Ocular speckle interferometry 
Cone packing density, estimated from the mean radius 
of "Yellott's ring" in the average power spectrum as 
expressed by Eq. (1), decreases as a function of retinal 
eccentricity. In Fig. 3 the cone packing density results for 
three of the subjects from Marcos et al. (1996) are shown. 
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FIGURE 4. Cone photopigment density difference for the central of the 
same three subjects shown in Fig. 3, shown as a radial profile as a 
function of retinal eccentricity. 
In some specific cases, we could not find a clear ring in 
the average power spectrum. For subject RN (circles) the 
results ranged from 0 to 1 deg.; for SM (squares) from 
0.25 to 1 deg, and for MR (triangles) there are only data 
available at 1 deg. 
Retinal densitometry 
Cone photopigment density difference decreased with 
increasing retinal eccentricity for all three subjects. 
Photopigment density difference decreased most steeply 
for eccentricities up to 1 deg and reached an asymptote at 
about 2 deg. Radial profiles of cone photopigment 
density difference are plotted in Fig. 4. Subject RN had 
a photopigment density difference that declined sharply 
from 0 to 0.25 deg and more gradually with increasing 
retinal eccentricity. Subject SM had a lower photopig- 
ment density difference than RN, which declined more 
gradually with increasing retinal eccentricity. Subject 
MR had the highest photopigment density difference, the 
greatest decrease from 0 to 0.25 deg, and also the greatest 
decrease from 0.25 to 1 deg. 
Comparison of cone packing density and cone photopig- 
ment density difference 
Both cone packing density (Fig. 3) and cone photo- 
pigment density difference (Fig. 4) decreased at similar, 
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FIGURE 6. Relative cone photopigment density difference per cone 
plotted as function of retinal eccentricity for two subjects inthe central 
1 deg. Assuming similar packing functions across retinal eccentri- 
cities, there is a slight increase in the photopigment per cone with 
increasing retinal eccentricity. 
but not identical rates with retinal eccentricity for 
subjects RN and SM. A direct comparison of the absolute 
photopigment density difference among observers i not 
possible, since the photopigment extinction spectra ~(2) 
is different for each observer, and scales the measured 
density difference function by a factor that is constant 
across the retina for each cone type (Smith et al., 1976; 
Elsner et al., 1988; Burns &Elsner, 1993). 
Figure 5 shows both the cone photopigment density 
difference (solid line) and cone packing density (circles) 
plotted simultaneously as a function of retinal eccen- 
tricity for observers RN and SM. Both cone photopig- 
ment density difference and cone packing density 
decrease rapidly in the 0.25 central degree for subject 
RN, and more gradually for greater eccentricities. For 
subject SM the decrease in both functions is gradual 
between 0.25 and 1 deg. Subject MR has the most peaked 
photopigment distribution within the central 0.5 deg 
found for any subject ested with this method (Elsner et 
al., 1992). He also has, by previous measurements high 
visual acuity (Marcos & Navarro, 1997) and a broad 
Stiles-Crawford function (Rynders, 1994; Marcos & 
Navarro, 1997), consistent with narrow and tightly 
packed photoreceptors (Westheimer, 1967). 
Estimates of relative photopigment density per cone, 
relative amount of photopigment per cone and relative 
cone outer segment length 
The photopigment density difference per individual 
cone can be estimated by dividing the photopigment 
density difference by the cone packing density (number 
of cones per unit area). It is assumed that for 
eccentricities up to 1 deg there is complete coverage of 
the retinal surface by cone outer segments, or at least no 
significant changes in the pathway by rods or other 
scattering or absorbing structures, with outer segments 
having regular packing. Figure 6 represents he relative 
photopigment density difference per cone. There is 
marked consistency between both sets of measurements 
shown in Fig. 5. Ne~,ertheless, since cone packing density 
falls off slightly more steeply than photopigment density 
difference, the relation between the two is neither 
constant nor linear. As a consequence, the photopigment 
density difference per individual cone increases lightly 
with increasing retinal eccentricity, showing a plateau at 
intermediate r tinal eccentricities, for both subjects RN 
and SM (Fig. 6). Since the photopigment density 
difference per cone increases slightly or remains constant 
over small intervals from 0 to 1 deg, these data are 
dissimilar to spatial resolution data for increasing 
eccentricity. 
Additional assumptions allow us to establish a linear 
relationship between relative photopigment density 
difference per cone and relative amount of photopigment 
per cone: it is assumed that there is no change for 
eccentricities up to 1 deg for a given subject of the 
following factors: (1) photopigment extinction spectra 
~(2) for each type of cone; (2) photopigment concentra- 
tion per unit length c; (3) cone spacing is roughly 
constant within the sampled area; (4) ratio of long-to- 
medium-wavelength sensitive cones; (5) coverage of 
long and medium-sensitive cones compared to rods or 
short wavelength sensitive cones; and (6) changes in the 
directionality across the central 2 deg is not a factor in the 
decrease in photopigment density difference, i.e., that the 
subjects were well aligned to the instrument to produce 
the maximum photopigment density difference for a 
given retinal ocation. Assumptions 1 and 2 are supported 
by genetic studies that predict hat both the photopigment 
spectra for each type of cone and the photopigment 
concentration are fixed by the pigment gene expression of 
the cone type (Hagstrom et al., 1994). The ocular speckle 
interferometry equires a significant degree of regularity 
in the cone packing (i.e., that the cone spacing is roughly 
constant within the test location), implying that assump- 
tion 3 is correct; the regularity of the cone packing is also 
supported by histological studies (Curcio et al., 1990). 
Assumption 4 has been investigated with psychophysical 
methods (Cicerone & Nerger, 1989; Wesner et al., 1991; 
Nerger & Cicerone, 1992), and to date there is no large 
change reported either within eccentricities up to 1 deg or 
in the parafoveal retina. Assumption 5 is not strictly 
accurate since 1 deg can be outside the rod-free area. 
Nevertheless, Curcio et al. (1990) [Fig. 2(D, E)] have 
shown that, within this area, the coverage of rods is 
minimal, compared to cones, since rod diameters are 
narrow. Similarly, the spatial frequency of the short- 
wavelength-sensitive cones is very low (Williams et al., 
1983), implying little change in coverage due to these 
relatively sparse photoreceptors. Assumption 6 (optimal 
subject alignment for maximum photopigment measure- 
ment) is more important for the cones at 1 deg, which are 
narrowly tuned, than those at the center (Gorrand & 
Delori, 1995; Burns et al., 1997); instrument misalign- 
ment would underestimate he measured photopigment 
density, especially at this eccentricity. 
Under these simplifying assumptions, Fig. 6 represents 
the relative amount of photopigment in a single cone 
(proportional to the cone volume) as a function of retinal 
eccentricity. The fact that the amount of photopigment 
per cone remains constant or even increases with 
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eccentricity can be interpreted as showing that the 
decrease in cone outer segment length with eccentricity 
is compensated or even over-compensated by an increase 
in the cross-sectional rea of  the cone outer segments. As 
a result, quantal catch per cone is constant or even 
increases from 0 to 1 deg. That is, while resolution 
decreases in a manner important o the performance of 
the visual system, the quantal catch per cone does not 
decrease with increasing eccentricity, across at least 
eccentricities up to 1 deg on the retina. 
The fact that changes of  density difference per cone are 
slight, and that both functions (cone packing density and 
cone photopigment density difference) vary within the 
tested retinal region in a systematic way, suggests that the 
assumptions that we have made are indeed valid for 
eccentricities up to 1 deg, although definitely not for 
more eccentric locations. Under these assumptions, cone 
outer segment length is the determining factor in the 
variation of  cone photopigment density difference with 
eccentricity up to 1 deg, and thus can be directly 
estimated from retinal densitometry measurements. The 
relative length of cone outer segment undergoes a 
decrease with retinal eccentricity similar to the cone 
photopigment density difference. As an example, for 
subject RN, the estimates of cone outer segment length 
decrease by a factor of  about 2 from 0 to 1 deg. In a 
previous study, similar relative measurements of relative 
cone outer segment length were made on a group of 
subjects with both retinal densitometry and color 
matching (Elsner et al., 1993). Data from retinal 
densitometry measurements from only the central 2 deg 
agree well with data from color matching, which is a 
psychophysical technique that does not depend upon 
coverage or number of  cones. Thus, the relative decrease 
in the length of  cone outer segments can be estimated 
within the central 2 deg. The magnitude of the change in 
cone outer segment length for subject RN in this study is 
in keeping with the previous results from young subjects 
(Eisner et al., 1993). Although there are few histological 
studies that discuss length of  the cone outer segment (von 
Graefe, 1902; Yuodelis & Hendrickson, 1986), the 
previously reported data are consistent with our finding 
from our in vivo measurements on one subject: there is a 
drop of  roughly 2 times in the length of  the cone outer 
segment from the foveola to the foveal periphery. 
In summary, both the number of cones and the cone 
photopigment are both much greater in the central fovea 
for normal subjects. However, the cone photopigment 
available to capture quanta of light per cone is not 
greater. This is consistent with the hypothesis that on a 
cone-by-cone basis, the central fovea is not necessarily 
better suited to the detection of light, since there is not 
more cone photopigment available per cone to capture 
light. Rather, the central fovea is more suited to finer 
spatial sampling of incident light, with potentially a 
similar output per cone when the light level is similar 
across eccentricities up to at least 1 deg. To extend these 
results to greater eccentricities, new methods must be 
developed to obtain in vivo estimations of  cone packing 
density, and new assumptions are required to combine 
with existing retinal densitometry data. 
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